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Table 2-1: Equilibrium home heating and ventilation systems (Canada Mortgage and Housing 
Corporation (CMHC), 2010) 
  
 





















































































































Table 2-4: Electricity supply system for Canada’s four most populous provinces (taken from 
Kikuchi et al., 2009) 
  
 
Figure 2-7: Comparison between a 94% efficiency gas-fired furnace (base) and GSHP of 




























































































































































Figure 2-10: Total incident solar radiation on vertical surfaces by orientation and season. 

























































































































































































































































































































































Figure 2-13: A simple example of how a one-dimensional wall responds to an a pulse 








































































































Figure 2-16: The magnitude of self admittance for different thicknesses of thermal mass. The 









































































































































































































































































































































































































Figure 2-23: The energy performance of a house depending on temperature setpoints and the 
window to wall ratio(O'Brien et al., 2008a) 
EnergyPlus‐specific modelling details are provided in Chapter 3, where the model is 
described in great detail. 

















































22 - 27C (8:00-20:00), 18 - 23C otherwise

























































Figure 2-24: Results from the study, showing variation in floor surface temperature (Athienitis and 
Chen, 2000). It is clear that the warmest part of the floor follows the path of the beam radiation 
(with some lag). 


















































































































































































































































































































































































































































Figure 2-25: Typical solar thermal collector efficiency as a function of ambient conditions 
(http://energytech.at/solar/portrait_kapitel-4.html) 


















Table 2-5: Select code requirements 
   Minimum RSI value (mP2PK/W) 
Surface Type  MNECH‐1997* Std. 90.2‐2007  Strictest 
Roof ‐ Type I (attic/roof space)  8.8  8.6  8.6 
Walls  4.4  3.7  4.4 
Windows   0.42  0.50  0.50 
Below‐grade walls  3.1  1.4  3.1 


































Figure 2-26: The opportunity for life-cycle cost reduction as a function of the design stage (Reed 





















































































































































































































Table 2-6: Example decision matrix 
  Weighting  Option A Option B
Cost  10  7/10  6/10
Energy Use  5  4/10  9/10













Figure 2-30: Star diagram for multi-criteria design (Andresen, 2008) 
 
















































Figure 2-31: Results of multi-criteria optimization using a genetic algorithm (Wright et al., 2002). 























































































































































































































Figure 3-2:A 3D space upon which different modelling tools can be placed (taken from Athienitis 
































































































Table 3-1: Summary of model inputs 


















1  Infiltration IN  0  0  0.025 0.15  0.05  ach  3.2.9
2  Internal gains  IG  0  1  1  3  1    3.2.12
3  Heating setpoint (daytime) HS  0  0  17  22  22  °C  3.2.13
4 
Heating setpoint 
(nighttime)  HSN  0  0  17  22  18  °C 
3.2.13
5  Cooling setpoint  CS  0  0  22.5  27  26  °C  3.2.13
6  Floor area  FA  0  0  100  450  250  m P2  3.2.1
7  Stories  ST  1  1  1  2  2    3.2.1
8  Aspect ratio  AR  1  0  0.5  2  1    3.2.1
9  Orientation  OR  1  0  ‐45  45  0  degrees  3.2.1
10  Wall resistance  WR  1  0  4.4  12  6  m P2PK/W  3.2.3
11  Ceiling resistance  CR  1  0  8.6  15  11  m P2PK/W  3.2.3
12  Basement slab resistance BS  1  0  1.9  3  1.9  m P2PK/W  0
13  Basement wall resistance BW  1  0  3.1  6  3.1  m P2PK/W  0
14  Glazing type 1  GT1  1  1  1  4  3    3.2.4
15  Glazing type 2  GT2  1  1  1  4  3    3.2.4
16  Glazing type 3  GT3  1  1  1  4  3    3.2.4
17  Glazing type 4  GT4  1  1  1  4  3    3.2.4
18  Window frame type  FT  1  1  1  3  2    3.2.4
19  Window‐to‐wall ratio 1  WWR1  1  0  0.05  0.6  0.4    3.2.4
20  Window‐to‐wall ratio 2  WWR2  1  0  0.05  0.3  0.1    3.2.4
21  Window‐to‐wall ratio 3  WWR3  1  0  0.05  0.3  0.1    3.2.4
22  Window‐to‐wall ratio 4  WWR4  1  0  0.05  0.3  0.1    3.2.4
23  Air circulation rate  CI  1  0  0  400  200  L/s  3.2.13
24 
Overhang depth 
OH  1  0  0.001 0.5  0.3 
depth:glz. 
ht. 
25  Blind/shade solar threshold BLS  1  0  0  1000 300  W/mP2  3.2.13
26 
Blind/shade outdoor 








dividing wall  TMV  1  0  0.001 0.2  0.1  m 
3.2.7
29  Roof type  RT  1  1  1  2  1    3.2.1































































































Table 3-2: Summary of Sensitivity Analysis for 30 Parameters  
IN IG HS HSN CS FA ST AR OR WR CR BS BW GT1 GT2
Min. Energy (kWh/year) 4042 3801 2172 4394 3991 2637 4251 4209 4403 3724 4253 4058 3972 4264 4288
Max. Energy (kWh/year) 4766 5203 4403 5059 7300 7660 4403 5045 5061 4874 4460 4403 4403 5377 4717
Parameter value|Emin 0.025 3 16 17 22.5 100 1 1.85 0 12 15 3 6 5 5
Parameter value|Emax 0.075 1 22 22 27 300 2 0.5 -45 4.4 8.8 1.6 3.1 1 1
Parameter unit ach - °C °C °C m2    m - degrees m2K/W m2K/W m2K/W m2K/W - -
Sensitivity 0.1646 -0.627 2.4601 0.5664 3.4494 1.0704 -0.052 0.1579 1E-07 0.3001 0.0915 0.135 0.1634 -0.698 -0.285
GT3 GT4 FT WWR1 WWR2 WWR3 WWR4 CI OH BLS BLT TMS TMV RT SL
Min. Energy (kWh/year) 4292 4290 4403 4362 4216 4209 4199 4240 4399 4328 4367 4289 4170 4402 4397
Max. Energy (kWh/year) 4717 4717 4418 5381 7046 5959 6662 4721 4439 4667 4665 4507 4871 4403 4418
Parameter value|Emin 5 5 2 0.5 0.05 0.05 0.05 400 0.3503 0 19 0.2 0.2 2 50
Parameter value|Emax 1 1 1 0.05 0.5 0.5 0.5 0 0.001 1000 40 0.001 0.001 1 10
Parameter unit - - - - - - - L/s - W/m2 °C m m - degrees






















































































































Figure 3-7: The effect of thermal zoning configuration on energy performance of a passive solar 




The image part with relationship ID rId57 was not found in the file.
















































Figure 3-8: Magnitude of overheating as a function of zonal configuration and window size (taken 







































































0.0254  0.09 592 1170 0.5  0.9
Core ‐ Insulation  WR∙k  0.03 (k) 19 960 0.4  0.9


















Outside ‐ Insulation  CR∙k  0.03 (k) 19 960 0.4  0.9
























0.008  45 7800 500 0.7 
 
0.9





















































































Figure 3-11: Radiative phenomena for multiple glazing layer (left) and example of how window 
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Table 3-6: Summary of glazing types available in the Ecos. Thick cell borders indicate the surface 
that the low-e coating is on. The naming convention is: first two letters indicate the number of 
glass layers, second two letters indicate whether all of the glass is clear or if one of them has a 
low-e coating, and the last two letters indicate whether the gas fill is air or argon. 
Name (GTRiR index) DGLEAR (1) TGCLAR (2) TGLEAR (3)  QGLEAR (4)




Argon 12.7 mm Argon 12.7 mm Argon 12.7 mm  Argon 12.7 mm
Low‐e 3.8mm Clear 3mm Clear 3mm  Low‐e 3.8mm
  Argon 12.7 mm Argon 12.7 mm  Argon 12.7 mm
















U‐value (W/mP2PK)  1.499 1.629 1.055 0.525
Edge U‐value (W/mP2PK)  2.625 2.680 2.473 2.363
SHGC (normal 
incidence)  0.690  0.685  0.612  0.533 
SHGC (hemispherical 





Table 3-7: Glass properties (from Window 6 software) 


























U‐value (W/mP2PK)  5.68  2.27 1.70

















































DGLEAR  2.45  1.94 1.83
TGCLAR  2.46  1.95 1.84
TGLEAR  2.10  1.59 1.48
QGLEAR  1.67  1.18 1.06
 





DGLEAR  0.600  0.589 0.589
TGCLAR  0.573  0.563 0.563
TGLEAR  0.532  0.522 0.522





























































COG  1.15  64.0%  1.133  0.533 
EOG  0.29  16.2%  2.473  0.533 
Frame  0.36  19.8%  1.7  0 
Total  1.8  100.0%  1.46  0.43 




COG  21.81  88.9%  1.133  0.533 
EOG  1.29  5.3%  2.473  0.533 
Frame  1.42  5.8%  1.700  0 





























Explicit 7924 3687 2740 6889 503
Multiplier 7924 3687 2740 6889 503

















































Figure 3-15: Effect of WWR1 through WWR4 on energy use 




























































































Figure 3-16: Overhang geometrical specifications (left) and the “ideal overhang” geometry right) 
(taken from O’Brien et all (2010b)) 
 
OHOHmin dh /)tan(    (3‐12)
OHgOHmax dhh /)()tan(    (3‐13)
















Figure 3-17: Cross section of fenestration showing glass layers and a shading layer (EnergyPlus, 
2009b) 















































Figure 3-18: Side view of ÉcoTerra house showing potential solar obstructions and the extreme 
seasonal solar altitudes. 
















Figure 3-19: Section view of house showing locations of concrete slabs. 































Figure 3-20: Representation of a thin material layer in EnergyPlus' implicit finite difference 


































































Fixed rate  0.0590 3,144 1,029  







































































Figure 3-21: Schematic of basement configuration 
 


























































n/a n/a n/a  n/a
Basement wall concrete 
thickness* 
0.2 m 0.1 m 0.3 m 20.0  20.4
Basement slab concrete 
thickness* 








Water table depth*  8 m 5 m 12 m 22.1  19.8
Basement mean air 
temperature* 















ܳ஺ீ,௖௔௟௖௜ ൌ ሺ20Ԩ െ ௢ܶ௨௧௜ ሻ · 1݉ · 2
ሺܮ ൅ ܹሻ
ܤܹ · ൬days_per_month · 86400
ݏ
݀ܽݕ൰  (3‐17) 
ܳ஻ீ,௘௙௙௜ ൌ ܳ஻ீ ௜ ൅ ሺܳ஺ீ௜ െ ܳ஺ீ,௖௔௟௖௜ ሻ  (3‐18) 
௚ܶ௥௢௨௡ௗ,௖௔௟௖௜ ൌ 20°ܥ ·
ܳ஻ீ,௘௙௙௜
days_per_month · 86400 ݏ/݀ܽݕ
· ൮ 1.5݉ · 2 · ሺܮ ൅ ܹሻ0.2݉
1.73 ܹሺ݉ܭሻିଵ ൅ ܤܹ
൅ ܮ · ܹ0.1݉









Figure 3-22: Sample results from BASECALC 
The monthly temperatures are then fit to a sine wave with the following form. 


























































































































































































































































































































3661            45  11  10  33  1 
Minor 
Appliances            14.06  39  54  10    1 
Lighting    9.75  21  79  1 
Domestic 
Hot Water  1919        790          100  1 
Phantom 
loads  1    65            100      1 













































Occupants 676 676 676 3041 3041 3041
Phantom loads 569 569 569 569 569 569
Domestic Hot Water 0 0 0 0 0 0
Lighting 488 975 1463 2194 4388 6581
Minor Appliances 625 1251 1876 2814 5627 8441








































Phantom loads 569 569 569 569 569 569
Domestic Hot Water 1750 3499 5249 4515 9031 13546
Lighting 488 975 1463 2194 4388 6581
Minor Appliances 672 1345 2017 3026 6051 9077































































































Table 3-19: Heating and cooling control schedules 
  Jan  Feb  Mar  Apr  Ma
y 
Jun  Jul  Aug  Sep  Oct  Nov  Dec 
Purchased cooling 
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Figure 3-29: Total heating and cooling energy (left) and overheating (right) as a function of 



























































































































































































































SolarFraction1 = (ERconditioningR|Rno_windowsR ‐ ERconditioningR)/ ERconditioning (3‐37)
2. Using a house with no incident solar radiation as the baseline, as Balcomb suggests 
(Hestnes et al., 2003). 
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Table 4-1: Summary of active solar system parameters 
 















No. Name Abr. Design? Discrete? Min Max Nominal Units
31 Total PV cell area CA 1 0 0 170 0 m2
32 PV module nominal efficiency AE 1 0 0.05 0.2 0.1
33 PV temperature coefficent TC 1 0 0.0001 0.0004 0.0001 1/°C
34 Inverter efficiency IE 1 0 0.8 0.95 0.95
35 Parallel solar thermal collectors PL 1 1 1 4 2









































































































Table 4-3: Three common roof types and their geometrical and solar implications. The panel 
layout is based on two standard sizes of Uni-Solar panels.  Climate Data is based on Toronto 
conditions. All active area slopes are 45 degrees (12/12) and South-facing. (Figure taken from 
(O'Brien et al., 2009b)) 
 






























































































Figure 4-1: Schematic of equivalent four-parameter circuit for one-diode PV model 
























































RETScreen no snow cover Decoupled 11,576 78,944 14.66% 41* ‐
RETScreen snow cover Decoupled  11,356  77,460 14.66% 41* ‐
Simple Decoupled 11,034  14.90% ‐ ‐
One‐diode Decoupled 10,419  14.07% 59.57 9.77
One‐diode Coupled Roof Unvented 9915 13.39% 72.65 12.26






























































































































































Figure 4-2: Solar domestic hot water system configuration (Note that the exact position of the 
source and use-side heat exchangers is not critical because a mixed tank is modelled, as 






























ݍ௨௦௘ ൌ ߳௨௦௘ ሶ݉ ௨௦௘ܿ௣,௪௔௧௘௥ሺ ௨ܶ௦௘ െ ܶሻ (4‐5) 





























































Figure 4-4: Solar fraction for the SDHW system under the nominal design conditions except for 








































































Figure 4-5: Solar fraction for the SDHW system under the nominal design conditions but with 
































Figure 4-6: Daily DHW draw profile; fraction of daily total 




















































4.3.2 Sample Performance 
To illustrate typical performance of the system, key metrics for three summer days 
under the nominal design conditions are shown in Figure 13‐6 in Appendix E. 





















































































































ERA,B(-1) R=RRA(-1)B(-1)R - RRA(+1)B(-1) 
 
(5-1) 
ERA,B(+1) R=RRA(-1)B(+1)R - RRA(+1)B(+1) 
 
(5-2) 






















































Figure 5-4: Visualization of the interactions with WWR1. Each line connecting two parameters indicates a strong 













































Table 5-1: Normalized strength of interactions between all pairs of the 30 house model parameters. The strength of the interactions is 
formulated in Equation 5-3. 
IN 0.075 0.089 0.032 0.003 0.324 0.034 0.033 0.010 0.031 0.000 0.019 0.015 0.018 0.004 0.009 0.005 0.000 0.094 0.036 0.005 0.032 0.004 0.018 0.007 0.011 0.007 0.003 0.000 0.001
IG 0.306 0.100 0.028 0.616 0.164 0.088 0.033 0.119 0.020 0.071 0.057 0.108 0.027 0.036 0.030 0.000 0.410 0.164 0.037 0.146 0.030 0.079 0.049 0.071 0.037 0.026 0.011 0.001
HS 0.440 0.139 0.982 0.113 0.066 0.035 0.141 0.026 0.092 0.072 0.163 0.047 0.054 0.048 0.000 0.275 0.066 0.040 0.048 0.057 0.065 0.038 0.057 0.007 0.039 0.010 0.002
HSN 0.101 0.274 0.023 0.036 0.007 0.052 0.011 0.024 0.019 0.068 0.017 0.017 0.016 0.001 0.011 0.031 0.050 0.010 0.001 0.010 0.017 0.014 0.022 0.005 0.003 0.000
CS 0.181 0.032 0.018 0.021 0.001 0.000 0.003 0.002 0.004 0.000 0.000 0.001 0.000 0.000 0.063 0.027 0.041 0.006 0.002 0.010 0.009 0.001 0.013 0.001 0.000
FA 0.424 0.254 0.070 0.362 0.081 0.263 0.163 0.349 0.093 0.117 0.097 0.000 1.000 0.298 0.023 0.259 0.060 0.171 0.107 0.147 0.098 0.033 0.014 0.001
ST' 0.039 0.011 0.096 0.034 0.115 0.061 0.129 0.043 0.041 0.042 0.000 0.024 0.136 0.126 0.128 0.004 0.004 0.000 0.002 0.080 0.067 0.000 0.009
AR 0.001 0.064 0.007 0.021 0.023 0.233 0.080 0.069 0.083 0.004 0.289 0.023 0.119 0.029 0.001 0.046 0.023 0.033 0.008 0.060 0.002 0.006
OR 0.015 0.001 0.009 0.006 0.035 0.014 0.004 0.026 0.000 0.012 0.401 0.027 0.364 0.006 0.011 0.022 0.024 0.003 0.012 0.004 0.002
WR 0.006 0.028 0.026 0.028 0.008 0.011 0.008 0.007 0.217 0.101 0.063 0.092 0.010 0.031 0.011 0.018 0.007 0.007 0.001 0.006
CR 0.007 0.003 0.004 0.001 0.003 0.003 0.000 0.021 0.012 0.003 0.006 0.000 0.008 0.000 0.001 0.000 0.001 0.006 0.001
BS 0.012 0.020 0.009 0.013 0.010 0.000 0.073 0.030 0.002 0.029 0.006 0.020 0.009 0.014 0.007 0.001 0.004 0.002
BW 0.014 0.006 0.009 0.006 0.000 0.066 0.025 0.000 0.021 0.007 0.015 0.006 0.009 0.007 0.003 0.001 0.002
GT1 0.004 0.008 0.006 0.003 0.584 0.057 0.017 0.044 0.003 0.033 0.041 0.060 0.001 0.011 0.001 0.006
GT2 0.004 0.003 0.003 0.022 0.400 0.000 0.010 0.001 0.004 0.003 0.002 0.001 0.003 0.002 0.004
GT3 0.004 0.001 0.037 0.023 0.469 0.017 0.003 0.009 0.005 0.006 0.003 0.002 0.000 0.002
GT4 0.001 0.027 0.016 0.001 0.417 0.001 0.006 0.003 0.003 0.003 0.004 0.001 0.002
FT 0.000 0.002 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
WWR1 0.322 0.077 0.316 0.039 0.098 0.030 0.047 0.047 0.188 0.002 0.002
WWR2 0.080 0.121 0.002 0.054 0.038 0.053 0.030 0.062 0.001 0.005
WWR3 0.079 0.006 0.015 0.014 0.017 0.016 0.052 0.001 0.001
WWR4 0.009 0.047 0.035 0.047 0.032 0.080 0.006 0.008
CI 0.001 0.004 0.005 0.012 0.031 0.000 0.003
OH 0.003 0.001 0.011 0.015 0.003 0.002
BLS 0.077 0.006 0.007 0.001 0.000
BLT 0.011 0.016 0.001 0.001










































Table 5-2. Top ten interacting pairs of parameters  
Rank IA,B/max(IA,B)
1 WWR1 FA 1
2 FA HS 0.982
3 FA IG 0.616
4 WWR1 GT1 0.584
5 WWR3 GT3 0.469
6 HSN HS 0.440
7 ST FA 0.424
8 WWR4 GT4 0.417
9 WWR1 IG 0.410




Table 5-3. Top ten interacting pairs of design parameters  
Rank IA,B/max(IA,B)
1 WWR1 GT1 0.584
2 WWR3 GT3 0.469
3 WWR4 GT4 0.417
4 WWR2 OR 0.410
5 WWR2 GT2 0.401
6 WWR4 OR 0.364
7 WWR2 WWR1 0.322
8 WWR4 WWR1 0.316
9 WWR1 AR 0.289
































Figure 5-5. Venn diagram of the potential for decoupling the subsystems. (BIPV = building-
integrated photovoltaics; DHW = domestic hot water; BIPV/T = building-integrated photovoltaics 




































































Figure 6-1: Design space according to two scales: passiveness and robustness. For 











































































































Table 6-1: Robustness table for all parameters. The heating and cooling season columns refer to 
the sign of the slope of the LoI for total space conditioning energy for the first 28 (passive) 
parameters. Notes: (1) south-facing is optimal for both the heating and cooling season, (2) when 
used in conjunction, BLT and BLS become robust; individually, they are not (3) parameter was 
tested for robustness using BIPV, (4) for parameters 29 through 36, a positive value indicates 






1 Infiltration IN ‐1 1 No
2 Internal gains IG ‐1 1 No
3 Heating setpoint (daytime) HS 1 1 Yes
4 Heating setpoint (nighttime) HSN 1 0 Neutral
5 Cooling setpoint CS ‐1 ‐1 Yes
6 Floor area FA 1 ‐1 No
7 Stories ST ‐1 1 No
8 Aspect ratio AR ‐1 1 No
9 Orientation OR U U Yes 1
10 Wall resistance WR ‐1 1 No
11 Ceiling resistance CR ‐1 ‐1 Yes
12 Basement slab resistance BS ‐1 1 No
13 Basement wall resistance BW ‐1 1 No
14 Glazing type 1 GT1 ‐1 ‐1 Yes
15 Glazing type 2 GT2 ‐1 ‐1 Yes
16 Glazing type 3 GT3 ‐1 ‐1 Yes
17 Glazing type 4 GT4 ‐1 ‐1 Yes
18 Window frame type FT ‐1 1 No
19 Window‐to‐wall ratio 1 WWR1 ‐1 1 No
20 Window‐to‐wall ratio 2 WWR2 1 1 Yes
21 Window‐to‐wall ratio 3 WWR3 1 1 Yes
22 Window‐to‐wall ratio 4 WWR4 1 1 Yes
23 Air circulation rate CI ‐1 ‐1 Yes
24 Overhang depth OH 1 ‐1 No
25 Blind/shade solar threshold BLS ‐1 1 No 2
26
Blind/shade outdoor temperature 
threshold BLT ‐1 1 No 2
27 Thermal mass on south floor TMS ‐1 ‐1 Yes
28 Thermal mass on dividing wall TMV ‐1 ‐1 Yes
29 Roof type RT ‐1 ‐1 Yes 3
30 Roof slope SL 1 ‐1 No 3
31 Total PV cell area CA 1 1 Yes 4
32 PV module nominal efficiency AE 1 1 Yes 4
33 PV temperature coefficent TC ‐1 ‐1 Yes 4
34 Interver efficiency IE 1 1 Yes 4
35 Parallel solar thermal collectors PL 1 1 Yes 4

























































Figure 6-3: Auxiliary procedures for defining IN and IG 






























(i=1): GTi is the 
glazing type used 






and SHGCs. For 
near-south 
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Figure 6-9: Flow charts for the parametric path 

































Figure 6-12: Flow charts for active solar system design 
ELEC
Determine 
number of PV 
modules and peak 
power (PPV)
Select an inverter that
0.8PPV < Pinv,DC < 1.2PPV
Where Pinv,DC is the 








current (Iinv,max) for 
inverter
Given the total number of modules (Nmod), select a 
configuration that satisfies:
1) Vinv,min/VMPP,mod|T=70°C < Npanels/string < Vinv,max/VOC,mod|T=-10°C
2) Nstrings < Iinv,max/Istring




Is there excess 








panels: we want 
to do this in as 























6.7 Passive solar design: hybrid SDD-parametric approach 
 
Figure 6-13: Flow chart for hybrid path procedure 
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Figure 7-2: Sample of typical tool inputs: text fields (HOT3000) 
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Figure 7-8: Sample SDD graphs (cold sunny day) showing how the design of a house was 
improved. The design represented on the left has no significant thermal mass and had 15% 
glazing on the south façade. The design on the right has an 8” concrete slab on the ground floor 















































































































































































































Figure 7-9: Sample LoI overhang depth (near-linear) and house orientation (parabolic); the total 
annual heating and cooling energy are shown; the left LoI is for a small south-facing window; the 
































Figure 7-10: Wheel of interactions showing the relative magnitude of interaction between window-
to-wall ratio for the near-south facing window and all other parameters. The labels around the 
outside of the wheel correspond to the abbreviations in the table of parameters.  



























































































Figure 7-12: Sample screenshot of design management system in use. Like everywhere else in 
















Figure 7-13: Data structure of DMS 























High-level performance metric (1)
:




Whole year performance (1)
:




























































































































Figure 7-15: ANN structure, showing inputs, the hidden layer, and outputs (taken from Graupe 
(2007)) 
 

























(a) Nonlinear Multivariate Regression Analysis 
 
(b) Artificial Neural Network 


















































































Figure 8-2: Timeline of significant events (taken from (O'Brien et al., 2010c)) 




















Figure 8-3: Map of area around ÉcoTerra (marked “A”), including nearest EPW format weather 
file locations: Montreal and Sherbrooke, QC. 


































































Table 8-1: heat transfer characteristics of ÉcoTerra house: opaque constructions, fenestration, 





















Figure 8-5: Views of model clockwise from top-left: south elevation, east elevation, west 



































PV: ܫୱ୭୪ୟ୰(α‐ ஺ುೇ஺ೝ೚೚೑ ܣܧሻ ൅ ௖ܷ,௢ሺ ௢ܶ െ ௉ܶ௏ሻ ൅ ௥ܷ,௢൫ ௦ܶ௞௬ െ ௉ܶ௏൯ ൅ ௖ܷ,௉௏൫ ௔ܶ௜௥
௜ െ ௉ܶ௏൯ ൅
௥ܷሺ ௕ܶ െ ௉ܶ௏ሻ ൌ 0  
(8‐1) 
Air: ܳ௔௙൫ ௔ܶ௜௥௜ିଵ െ ௔ܶ௜௥௜ ൯ ൅ ௖ܷ,௉௏൫ ௉ܶ௏ െ ௔ܶ௜௥௜ ൯ ൅ ௖ܷ,௕൫ ௕ܶ௔௖௞ െ ௔ܶ௜௥௜ ൯ ൌ 0   (8‐2) 











Figure 8-6: Schematic (left) and thermal network of a control volume in the BIPV/T system model 
(right) (taken from Candanedo L., O’Brien, W., et al (2009)) 




























Figure 8-7: Comparison between measured heat pump electricity and modelled values. 
Table 8-2: Annual performance results 
 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1 2 3 4 5 6 7 8 9 10
1 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 1 0
3 0 0 0 0 0 1 1 0 0 0
4 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0
















































































































































































































































































Whole window with wood frame
Heat loss through RSI-4.4 wall
Heat loss through RSI-8.8 wall
Contour lines are net heat gain (kWh/m2/season)
















Figure 12-5: Net heat gain during heating season for S30E 
 
 



































































Whole window with wood frame
Heat loss through RSI-4.4 wall
Heat loss through RSI-8.8 wall
Contour lines are net heat gain (kWh/m2/season)













































































Whole window with wood frame
Heat loss through RSI-4.4 wall
Heat loss through RSI-8.8 wall
Contour lines are net heat gain (kWh/m2/season)
















Figure 12-7: Net heat gain during heating season for East 
 

































































Whole window with wood frame
Heat loss through RSI-4.4 wall
Heat loss through RSI-8.8 wall
Contour lines are net heat gain (kWh/m2/season)


































































Whole window with wood frame
Heat loss through RSI-4.4 wall
Heat loss through RSI-8.8 wall
Contour lines are net heat gain (kWh/m2/season)















13 APPENDIX D: EXTENDED CALCULATIONS AND CODE 
13.1 Detailed PV model calculations 
The weather data used and reported by RETScreen International (2005) and shown in 
Table 13‐1.  














Jan 31 1440 ‐7.1
Feb 28 2220 ‐6.2
Mar 31 3360 ‐0.8
Apr 30 4500 6.3
May 31 5470 12.4
Jun 30 6000 17.4
Jul 31 6140 20.5
Aug 31 5140 19.5
Sep 30 3750 15.2
Oct 31 2470 8.9
Nov 30 1310 3.1




ߜ ൌ 23.45° ൬2ߨ 284 ൅ ݊365 ൰ 
(D‐1)
cos ߱௦ ൌ െݐܽ݊߰ݐܽ݊ߜ  (D‐2)
ݐ௦௨௡௦௘௧ ൌ  ߱௦/15  (D‐3)
ܪ଴ ൌ  86400ܩ௦௖ߨ ቆ1 ൅ 0.033 ቀ2ߨ
݊















ܪഥ ൌ 1.391 െ  3.560ܭ்തതതത  ൅ 4.189 ܭ்തതതത






ܪഥ ൌ 1.311 െ  3.022ܭ்തതതത  ൅ 3.427 ܭ்തതതത
ଶ െ 1.821ܭ்തതതതଷ  
(D‐7)
The hourly distribution of the total solar radiation is found with the following Equation. 




ܽ ൌ 0.409 ൅ 0.5016sin ቀ߱௦ െ ߨ3ቁ 
(D‐9)









ܪ ൌ ݎ௧ܪഥ  (D‐12)
ܪௗ ൌ ݎௗܪௗതതതത  (D‐13)























௖ܶ െ ௔ܶ ൌ ሺ219 ൅ 832ܭ்തതതതሻ ܱܰܥܶ െ 20800  
(D‐17)
The energy delivered by the PV array and to the house, respectively, are found by: 




























Figure 13-1: Modeling the effect of snow on annual performance (left); a photograph of  ÉcoTerra 























































































Nominal  96.76  ‐ 39 ‐ 
 = 0.2 year‐round  95.26  ‐1.6%  37  ‐0.036% 
 = 0.5 year‐round  100.5  3.9%  44  ‐0.171% 
 = 0.7 year‐round  104.0  7.5%  50  ‐1.234% 
Rno_snowR = 0.2;  
RsnowR = 0.9 97.07  0.3%  40  ‐0.018% 
Cell temp.: + 10°C  94.43  ‐2.4% 39 0.000% 
Cell temp.: + 20°C  92.89  ‐4.0% 38 ‐0.009%
Cell temp.: + 20°C and 






13.2 Whole envelope conductance 
Figure 13-2: Example heat loss values for (clockwise, starting with left): the above-grade envelope, below-grade envelope, and air 
exchange. Note that “Worst parameter values” refers to all parameters being set to the values that cause the highest heat loss. Similarly, 








































































































































13.3 Sample MATLAB Code 




13.4 Solar domestic hot water system modeling 
 
Figure 13-4: Hierarchy of EnergyPlus components/objects that are part of the SDHW system. Arrows indicate the direction of referencing 




































Figure 13-5: EnergyPlus schematic of SDHW system (note: purpose of this figure is merely to show the limitations of EnergyPlus output; 































































13.5 ANN Results 
 
Figure 13-7: Validation plot for annual heating energy 
 









14 APPENDIX E: ÉCOTERRA BACKGROUND INFORMATION 



























Figure 14-1: Photographs of the underside of the BIPV/T roof (left) and the ventilated slab before 
















Figure 14-2: ÉcoTerra system schematic (Chen et al. 2010) 
 
The energy balance of the roof is as follows. 


























































































Figure 14-3: Design process outline (taken from (Doiron et al., 2011)) 

































Figure 14-4: Results of parametric analysis that was used to decide on the optimal insulation level in the walls. 
 
 







































































































Figure 14-7: ÉcoTerra’s monthly energy use in 2010 (values in kWh) 
The total annual energy use breakdown is shown in Figure 14‐8. 
 












January February March April May June July August September October November December
PV generation ‐52 ‐85 ‐274 ‐302 ‐373 ‐289 ‐369 ‐331 ‐215 ‐164 ‐100 ‐6
Fan, Misc Equip 102 98 136 146 154 150 148 155 152 146 124 107
Light, App, Plug 478 384 402 338 314 328 413 384 359 474 322 383
Aux HP Heater 37 44 0 0 0 0 0 0 0 0 0 0
Controls 25 23 25 24 25 24 25 25 24 25 24 25
Aux Garage Heater 206 176 93 2 0 0 0 0 0 9 3 10
BIPV/T Fan & Pump 0 0 24 22 21 16 23 14 11 4 7 0
HRV/Air Cleaner 83 75 81 77 79 84 90 98 102 92 80 82
DHW 96 85 123 136 149 139 169 198 179 110 92 98





























































Figure 14-9: Daily power draw, generation, and indoor temperature profiles (taken from Doiron et 
al (2011)) 
14.4 Lessons learned 
One of the most useful outcomes demonstration projects such as  ÉcoTerra comes from 
reflecting on the design process and the performance of the house. These details cannot 
be obtained from any simulations or design exercises. The major lessons learned are 
described in this subsection. 
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There is an interesting trade‐off between thermal performance and daylighting in any 
building. For ÉcoTerra, in the interest of minimizing north‐facing glazing, which barely 
contributes any solar gains in the heating season, daylight availability was sacrificed. 
However, this unintentionally led to the owners installing about 24 additional light bulbs 
to brighten the space. With increasingly high performance windows, perhaps future 
designs should provide a greater emphasis on daylighting even at the cost of thermal 
performance. 
As is often seen for thermally massive floors, the ÉcoTerra owners placed large shag 
carpets over the slate floor, rendering the thermal mass significantly less effective. Their 
motivation could be aesthetic, acoustical, or for thermal comfort. The latter two 
considerations could be resolved by design. If the issue is acoustic, sound absorbing 
panels or furniture could be strategically positioned. If the issue is cold feet from the 
highly‐conductive floor, two solutions are to use: 1) radiant floor heating instead of 
forced‐air to increase the floor temperature or 2) the other room surfaces (i.e., walls, 
ceiling) for thermal mass while ensuring the floor is reflective but not highly‐conductive.  
The auxiliary heater, before intervention, was being triggered on a daily basis when the 
setpoint increased from 18 to 22.5°C each morning. This is simply because the controls 
caused this if immediate heating loads could not be met by the heat pump alone. 
However, this heat comes at a cost that is 3‐4 times greater than from the heat pump. 
To resolve this, the controls were tweaked. As a result, the space does not reach the 
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daytime setpoint as quickly. Another method for reducing energy use would be to delay 
the setpoint increase until after some solar gains have occurred (around 10AM) such 
that the space is warmed for free. The suitability of this approach depends on the 
lifestyle of the occupants. 
As can be expected, the rooms of the house are not being used exactly as planned. The 
most extreme instance of this is that the garage was converted into a workshop. To 
warm the space, the owners installed a 5 kW electric resistance heater. For the few 
months that this went undetected by the Concordia team, this heater was using one‐
third of the electricity that was used to heat the entire house. This is despite the fact 
that the garage represents a mere 10% of the floor area of the house and was never 
heated to the temperatures of the rest of the house. If the space must be heated, it 
would be favourable to either heat is with the central heat pump, or more interestingly, 
be heated with the BIPV/T roof. Since the BIPV/T outlet air is often less than 15°C, it 
would still be of use in the garage (due to adaptive comfort and the fact that a coat may 
be warn) despite not being useful in the house. 
As previously addressed, the shallow roof slope resulted in poorer than expected BIPV/T 
performance. A solution to overcome this (for future houses) would be to build the roof 
on‐site to remove the constraint from module transportation. Alternatively, a heater 
could be used to act as a catalyst in melting snow. More complex approaches could be 
to route exhaust ventilation air through the BIPVT/T air space or to use have a small 
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steeper solar collector that is used to melt snow. While all of these solutions come at 
some cost (energy, equipment), it may be worthwhile considering that measured 
wintertime PV generation was only at a fraction of the potential. 
Despite the high resolution of monitoring equipment for certain aspects of the house 
performance – particularly the innovative technologies – it would have been ideal to 
sub‐meter many of the electricity‐consumers, including lights, appliances, the HRV and 
air cleaner, and the other fans. A total of two‐thirds of the electricity use is measured 
only in aggregate form, leaving some uncertainty as to exact final use. As a result, 
detailed studies such as understanding the electric lighting use and its relationship with 
occupancy and daylight availability cannot be performed. Another aspect of monitoring 
that could be improved is to have a single data acquisition system recording all data. In 
the current configuration, the heat pump is being monitored separately at a different 
sampling frequency and at a significant delay to the other measurements. Such issues 
represented a significant challenge for the data analyst, Matt Doiron. 
